One of the most important drawbacks of the three phases five-level NPC (Neutral Point Clamped) Active Power Filter (APF) is the neutral point balance. As the consequence, the capacitors voltages of the input DC bus of the APF are not equal which constitutes the major limitation for the use of this power converter. In order to stabilize these DC voltages, it is proposed in this paper to study the cascade constituted by three phases three-level PWM rectifier-clamping bridge filter-five-level NPC APF. In the first part, the authors present a topology of five-level NPC Voltage Source Inverter (VSI), and then, they propose a model of this converter and its PWM control strategy. In the second part, the modeling and control of three-level PWM current rectifier is presented. In the third part, to remedy to instability problem of the input capacitors DC voltages of the APF, the authors propose feedback control of the three-level PWM rectifier followed by clamping bridge filter. After that, the sliding mode regulator used to control the active filter is developed. The obtained results are full of promise to use this topology of APF in high voltage and high power applications.
Introduction
The increasing use of control systems based on power electronics in industry involves more and more disturbance problems in the level of the electrical power supply networks [1] . Thus, one remarks a regular increase in currents harmonic distortion and unbalance rates, as well as an important consumption of the reactive power. These harmonic currents yield voltage harmonics and unbalances via impedance of power supply network, which infects the sinusoidal waveform of the electrical power supply voltage. Obviously, these disturbances cause negative consequences on electrical equip-ment, such as strong heating, sudden stopping of the revolving machines or even the total destruction of the equipment.
Several solutions for reducing harmonic current in electrical power supply networks were proposed. Those which satisfy more the industrial constraints are the active compensators such as shunt active filter, series active filter and combined shunt-series active filters.
In fact, the main role of active filtering is to constantly control the harmonic distortion in an active way by the compensation of the harmonics [2] [3] . European standards CEI 61000-3-4 and CEI 61000-3-6 define low, medium and high voltage power supply networks harmonic currents limits [4] .
Research on the shunt active filters implied different works concerning harmonics identification methods such as Fourier transform method [5] , the method of synchronous reference frame (d-q) [6] , and control strategies such as sliding mode regulators, artificial neural networks and fuzzy logic controllers [7] [8] [9] . The structures of the filters also knew an evolution, from two-level converters [10] [11] to multilevel converters [12] [13] [14] . In high power applications, this latter is more adequate, compared to the conventional two-level structure, simply because of the low harmonic distortion rate of source voltage and current, low switching frequency besides no need to use transformer [15] [16] [17] . Various topologies are developed such as flying capacitor multilevel converters, diode clamped multilevel converters, NPC multilevel converters, and H bridge multilevel converters. Research works concerning the use of the three-level voltage source filters in medium voltage power supply applications are developed [17] [18] .
The unbalance of the different DC voltage sources of the multi-level (NPC) active power filters constitutes the major limitation for the use of these power converters.
The objective of this paper is to stabilize the input DC voltages of five-level NPC APF. For this purpose, a feedback control of three-level PWM rectifier followed by clamping bridge filter is used. This APF is applied for the enhancement of 4kV (ph-ph) network power quality by compensation of harmonic currents produced by an induction motor speed variator (Fig. 1 ). This variator consists in cascaded thyristor bridge rectifierclamping bridge filter-three-level PWM NPC VSI-vector controlled induction motor.
The 8.2kV DC bus of the APF contains four series capacitors. It is fed via a PWM controlled three-level current rectifier fed by the same power supply network.
First part is dedicated to the presentation of the mean values model of the three phases five-level NPC VSI with its four carriers triangulo-sinusoidal PWM control strategy. In the second part, the modeling and control of three-level PWM current rectifier is presented. After that the control strategy of the input DC voltages of multilevel NPC APF is presented. The five-level shunt APF is controlled using a sliding mode regulator. At the end, simulation results are presented. The three phases five-level NPC VSI is constituted by three legs and four DC voltage sources. Every leg has eight bi-directional switches, six in series and two in parallel, and two diodes to get the zero voltage for V KM (V KM is the voltage of the phase K relatively to the middle point M and K = A, B,C) (Fig. 2) . Every switch is composed by a transistor and a diode in anti-parallel. This inverter is fed by a battery of voltage E [19] . The switch connection function F ks indicates the opened or closed state of the switch T ks :
We define a half leg connection function F b Km as:
where m = 1 refers to the lower half leg and m = 0 to the upper half leg. For a leg K, several complementary control laws are possible for the five-level NPC VSI. The optimal control law of this inverter is:
where B ks represents the gate control of the switch T ks ; k = 1, 2, 3 and s = 1 . . . 8. Tab. 1 represents the excitation table of switches of a leg of the converter. The output voltages relatively to the middle point M of the inverter, using the connection functions, are given as follows:
The output voltages relatively to the point N and the input currents i d1 , i d2 , i d3 , i d4 , i d0 of the inverter using the connection functions and load currents i 1 , i 2 and i 3 are given as follows:
Equation (7) defines the capacitors currents i c1 , i c2 , i c3 and i c4 of the five-level inverter using the input currents i d1 , i d2 , i d3 , i d4 , i d0 and battery current I red . 
Control model
The model established above is discontinuous. It is used to simulate and to validate control algorithms. To adapt this model in order to use it to drive the inverter, we define the generating functions. The generating connection function F ksg is a continuous function which represents average value of connection function F ks on a modulation period T m supposed very small:
The control model of three phases five-level NPC VSI, deduced from the system (8) and by supposing capacitors voltages equal to U c , is given by the following equation where V A , V B and V C represent the mean value of the instantaneous ones.
2.3. PWM strategy of the five-level NPC VSI Two-level carrier-based PWM techniques have been extended to multilevel inverters using several triangular carrier signals and one reference signal per phase. For N-level inverter, (N -1) carriers with the same frequency f c and same peak-to-peak amplitude A c are disposed such that the bands they occupy are contiguous. The reference, or modulation, wave form has peak-to-peak amplitude A m and frequency f m , and its centered in the middle of the carrier set. The reference is continuously compared with each of the carrier signals (Fig. 3) . If the reference is greater than a carrier signal, then the active device corresponding to that carrier is switched-on; and if the reference is less than a carrier signal, then the active device corresponding to that carrier is switched-off. In multilevel inverters, the amplitude modulation index, m a , and the frequency ratio, m f , are defined as [20] [21] [22] :
The different input DC voltages of the inverter are fed by a battery E (Fig. 2) . Fig.  4 shows the simple output voltage V A of the five-level NPC VSI controlled by the PWM strategy for m f = 9 and m a = 0.8. Fig. 5 displays the voltages across input capacitors. It can be noted that these capacitors voltages are unbalanced.
Modeling and control of three-level PWM current rectifier
The advantages of three-level PWM current rectifier topology (Fig. 6 ) are well known and have been applied in medium voltage and high power applications in the last years [20] . 
Modeling of three-level PWM current rectifier
The reversibility of the three-level VSI allows it to work as current rectifier. The input voltages of three-level PWM rectifier are defined as follows:
The rectifier output currents are given as follows:
with i rec0 = −(i rec1 + i rec2 ). 
Double band hysteresis current control
The basic principle of the double band hysteresis current control is based on the classical hysteresis control applied to conventional two-level inverters. Two hysteresis bands (Upper and Lower Commutation Bands) around the reference current are defined. The hysteresis bands are actually superimposed but to differentiate them, they will be named as upper and lower band. The hysteresis algorithm is given by equation (15) and Fig. 7 .
ε i is the difference between reference current i reci0re f and source current i reci0 :
∆h is hysteresis band width. 
Control strategy of the input DC voltages of multilevel NPC APF
In this part, one proposes to remedy to the problem of the instability of the output DC voltages of PWM rectifier, by using a clamping bridge filter and feedback control of the output DC voltage of PWM multilevel rectifier [21] [22] [23] [24] .
Modeling and control of clamping bridge
The clamping bridge cell is a simple circuit constituted by a transistor and a resistor in series connected in parallel with a capacitor as shown in Fig. 8 . The transistors are controlled in order to maintain the equality of the different voltages [25] [26] .
In this part, the model of the intermediate filter with clamping bridge is defined by the following equation:
. The transistor is controlled using the following algorithm: 
where d r is hysteresis band widh.
Multi DC bus link voltage controller
In this part, one proposes to enslave the output DC voltage of three-level PWM current rectifier using a PI-based feedback control. The synoptic diagram of three-level PWM current rectifier control is shown in Fig. 9 [21] . The transfer functions G I (s) and G V (s) are expressed as follows:
The modeling of this loop is based on the instantaneous power conservation principle with no loss hypothesis. This loop imposes the root mean square (rms) value of network current [27] [28] .
Input and output powers are: Figure 9 . Synoptic diagram of three-level PWM current rectifier control.
dt ,
Different quantities I rectm , i load , i c are defined as follows:
Using of the power conservation principle and neglecting of joules loss in the resistor R r , and considering a sinusoidal supply network current in phase with corresponding voltage V si , it can be written:
Active power filter control
A voltage source of 4 kV (ph-ph) and a frequency f s = 50Hz is considered. It feeds cascaded thyristor bridge rectifier-clamping bridge filter-three-level NPC VSI-induction motor which represents the induction motor speed variator illustrated in Fig. 10 . This load produces a distorted current of 54.44% THD which is above the tolerated THD limit standard. This current with its spectral analysis are presented in Fig. 11 . Threelevel VSI input DC voltages U red1 and U red2 are depicted in Fig. 12 . Torque and speed features of this motor are presented in Fig. 13 . At t = 10sec, rated torque (T n = 7.6kNm) is applied. It is noticed that the speed turns back to its reference (1500 rpm) after a slight decrease.
Active power filter is controlled using sliding mode regulator. It consists in pulling state trajectory of controlled variable towards the sliding surface and makes its evolution with a certain dynamic till the equilibrium point. Sliding mode regulators design considers systematically stability issues and desired performances. Implementation of this method is done basically in three steps. First, made the choice of sliding surface, then satisfy the convergence condition and calculate the control law [7] [8] [9] , [29] [30] .
The model of active filter associated to supply network is presented by equation (23) . We would control active filter current. For that, we choose the sliding surface (S s ) as indicated in equation (24) .
with
where i f re f K is the harmonic current reference and i f K the active filter current of phase K. Its derivative is:
By substituting (25) in (23) and by considering the sliding mode conditionṠ s = 0, one obtains the equivalent control law.
Condition S s ·Ṡ s < 0 assures the attraction of the trajectory toward the sliding surface.
To verify this condition, it's sufficient to choose:
where k is the amplification coefficient and λ is the damping coefficient. Finally, one gets the following control law.
As shown in Fig. 1 , the input DC bus of NPC five-level shunt APF is fed by a threelevel PWM current rectifier followed by clamping bridge filter. This rectifier is fed by the same power supply network feeding the speed variator. The application of the feedback control on the rectifier allows getting a stable total output DC voltage around its reference. Balancing capacitors voltages is guaranteed by the clamping bridges. Fig. 14 illustrates the output DC voltages U rc1 and U rc2 of three-level PWM rectifier. This voltages is maintained around its 4.1kV reference voltage before and after application of clamping bridges at t = 13s. 16 .a presents first phase PWM three-level rectifier current i rec10 and its reference current i rec10re f before and after application of clamping bridge. Part of the power is dissipated in resistances of clamping bridges, which justifies the increase in the amplitude of the current. 0.1A band hysteresis controlled three-level rectifier allows maintaining rectifier current i rec10 around its sinusoidal reference i rec10re f as shown in Fig. 16 .b. Fig.  17 displays spectral analysis of this current with 1.3% total harmonic distortion. Instantaneous real and imaginary powers method is used to identify reference harmonic currents. Its algorithm is presented in Fig. 19 .
Reference identified harmonic current I f re f 1 and output filter current i f 1 are almost superimposed as presented in Fig. 20 . Fig. 21 .a presents main source voltage V s1 and current i s1 after harmonic current compensation. Spectral analysis is presented in Fig. 21 .b. It is shown that source current is almost sinusoidal with THD less than 3% and unity power factor.
Simulation parameters
Main source: 
Conclusion
In this paper, one studies the problem of unbalanced input capacitors DC voltages of five-level NPC shunt active power filter supplied by three-level PWM rectifier.
The modeling of the five-level NPC inverter shows that it is equivalent to four twolevel inverters in series. The study of the instability problem of the input DC voltages of this converter shows that its different input voltages are not stables, which implies a bad harmonic current compensation.
To solve this instability problem, one proposes to use a clamping bridge filter to improve input DC voltages balance. In spite of this solution, the output voltages of threelevel rectifier are not constant. To remedy to this problem, one proposes the feedback control of its output voltages. The application of the proposed feedback control algorithm to the rectifier shows a good voltage tracking.
Feedback control algorithm of the rectifier associated with clamping bridge filter makes stable the input DC voltages of five-level APF. Stable DC bus supply of sliding mode controlled five-level NPC shunt APF allows getting low-harmonic content network currents with THD less than 3% and unity power factor.
The obtained results show that the proposed solution allows using this topology to compensate the harmonic current and reactive power in high power utilities.
